Papillary thyroid microcarcinomas (measuring 1 cm or less in diameter) are very common thyroid tumors, which are present in 10% to 35% of post-mortem histopathological examinations of individuals whose death was due to a cause other than thyroid cancer. The molecular basis of this tumor is still poorly understood. Somatic mutations are better characterized in clinically evident papillary thyroid carcinomas (PTCs), the most common involving the proto-oncogene RET, which maps to 10q11.2. Molecular alterations of RET always lead to intra-or interchromosomal rearrangements. In this study we have investigated the status of RET in 21 microcarcinomas, by means of interphase fluorescence in situ hybridization (FISH). RET was rearranged in 52% of microcarcinomas, a statistically significant higher frequency than that found previously in clinically evident PTCs using the same technique. Moreover, interphase FISH allowed us to detect a putative novel type of rearrangement in a microcarcinoma, and we observed trisomies of chromosome 10 and other chromosomes in two adenomas surrounding two of the microcarcinomas. The strikingly high frequency of RET rearrangements in microcarcinomas strongly suggests that RET plays a role in the initiation of thyroid tumorigenesis but does not seem to be necessary for the further progression of the tumor. (Lab Invest 2001, 81:1639 -1645.
P
apillary thyroid carcinoma (PTC) represents approximately 70% of all thyroid carcinomas and includes numerous morphological variants (Parkin et al, 1999) . Tumors measuring 1 cm or less are referred to as microcarcinomas . These small tumors show a prevalence up to 35% (Harach et al, 1985) at autopsy of individuals who died of causes other than thyroid cancer.
Papillary microcarcinomas are usually found incidentally in thyroidectomy specimens and have a better prognosis than clinically significant PTCs (Lang et al, 1988) . In two large series of 190 and 179 patients, only 3 developed metastases and died of the disease and 2 had nodal recurrences, respectively (Sugitani et al, 1998; Tourniaire et al, 1998) . However, these tumors have the same histological features as PTCs: enlarged nuclei, thickening of nuclear membrane, nuclear "holes", and overlapped and grooved nuclei with "ground glass" appearance. It is difficult to assess whether a papillary microcarcinoma is associated with good prognosis or an unfavorable outcome for the patient.
Little is known about the molecular events involved in the development of papillary microcarcinomas. The most frequent molecular alteration in clinically evident PTCs involves the RET proto-oncogene, which maps to the long arm of chromosome 10 at band q11.2. This gene encodes a tyrosine kinase receptor whose expression and function are normally restricted to a subset of cells derived from the neural crest. Activation of the RET oncogene in papillary carcinoma occurs by chromosomal rearrangements that result in the fusion of the RET tyrosine kinase coding region to the aminoterminal coding region of genes that are constitutively expressed in the thyroid (Pasini et al, 1996) . Different types of rearrangements have been identified. RET/PTC1 is a paracentric inversion of the long arm of chromosome 10 that juxtaposes the tyrosine kinase (TK) domain of RET to the aminoterminal domain of the gene H4, whose function is unknown (Grieco et al, 1990) . RET/PTC2 originates from a translocation involving chromosomes 10 and 17 that results in the fusion of RET and RI␣ (regulatory subunit of the c AMP-dependent protein kinase A) (Bongarzone et al, 1993) . Another paracentric inver-sion, RET/PTC3, generates a fusion between RET and ELE 1 (Bongarzone et al, 1994) . RET/PTC4 is a variant of RET/PTC3 (Fugazzola et al, 1996) . Other types of rearrangements have recently been characterized: RET/PTC5, RET/PTC6, RET/PTC7, and RET/KTN1 were all found in children exposed to radioactive fallout after Chernobyl (Klugbauer et al, 1998; Klugbauer and Rabes, 1999; Salassidis et al, 2000) , and RET/ELKS (Nakata et al, 1999) and RET/PCM-1 have been detected in our laboratory .
The hypothesis that microcarcinoma would represent the early stage of PTC has repeatedly been proposed in the literature (Tallini et al, 1998; Viglietto et al, 1995) . However, only a few microcarcinomas seem to develop into PTC, and this is the main reason for the current controversy about the strategy for optimal therapeutic treatment. The aim of this study is to elucidate the role of RET in microcarcinomas and to establish whether RET rearrangements may serve as markers for prognosis. To this end, we used interphase fluorescence in situ hybridization (FISH) to detect rearrangements of RET in paraffin-embedded tissue sections of microcarcinomas. The same technique has been previously applied to study the status Histopathological and fluorescence in situ hybridization (FISH) analysis of microcarcinomas. a to b, Hematoxylin and eosin staining of a microcarcinoma (ϫ100 and ϫ400, respectively). c to e, Status of the proto-oncogene RET in thyroid microcarcinoma nuclei. RET cosmids were labeled with biotin and detected with fluorescein-conjugated avidin (green), whereas the ␣-satellite DNA for centromere 10 was labeled with digoxigenin and detected with anti-digoxigenin-rhodamine Fab fragment (red). c to d, Microcarcinomas showing an inversion involving the RET gene. Filled arrow indicates the rearranged copy of RET (inversion), and the empty arrow indicates nuclei carrying two apparently normal copies of RET. e, Nucleus harboring chromosome 10 trisomy. f, Nuclei of microcarcinoma no. 21 hybridized with ␣-satellite DNA for centromere 6 (green) and centromere 12 (red) are trisomic for both chromosomes.
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of RET in a series of sporadic and familial PTCs (Cinti et al, 2000; Corvi et al, 2001 ). The FISH approach, based on the analysis at the single-cell level, allows the direct correlation between the histopathological features and the distribution of RET rearrangements in the tumor cells.
Results
RET rearrangements in microcarcinomas were analyzed by dual color FISH using a probe that encompasses the RET gene along with an ␣-satellite probe that specifically recognizes centromere 10. In normal thyroid follicular cells, fluorescence microscopy revealed two signals corresponding to the RET gene associated with the two chromosome 10 centromere signals. The tumors that carried RET/PTC1 or RET/ PTC3 rearrangements showed one signal associated with one of the centromeres and two signals in the proximity of the homologous centromere (Fig. 1, c and  d ). In the case of RET translocations (eg, RET/PTC2), the third signal was randomly distributed in the nuclei (data not shown). In cells that carried a trisomy for chromosome 10, the three RET signals were coupled with the three centromere 10 signals (Fig. 1e ).
Histopathological Analysis
A histopathological analysis of a serial tumor section from each sample was carried out in parallel to FISH to accurately characterize the morphology and size of the microcarcinoma and of the surrounding areas (Fig.  1 , a and b). We analyzed 21 papillary microcarcinomas. The age and sex of the patients and morphological features of the samples are reported in Table 1 . The area surrounding the tumors was apparently normal in 10 cases only. Lymphocytic thyroiditis was present in three cases, follicular adenoma in three cases, and hyperplasia in the remaining samples. Moreover, this analysis was necessary to closely correlate the hybridization data with the histopathological data from each area of the tissue section.
Assessment of the Cutoff Value
The frequency of nuclei carrying an apparent rearrangement was calculated in each microcarcinoma in the surrounding normal areas of the samples and in two healthy control thyroids (Table 2 ). To determine the cutoff frequency of rearrangements corresponding to the presence of a real rearrangement, we compared each tumor with the "historical" control obtained by pooling all of the data from the healthy tissues (the two healthy controls and the healthy surrounding areas). In this case the 2 test was applied with Bonferroni's correction (p Ͻ 0.0024) in view of the multiple comparisons performed. By comparing the data from healthy and tumor samples, we determined a cutoff value of 6.8% (p ϭ 0.0020) corresponding to the presence of a real rearrangement. 
FISH Results
RET rearrangements were found in 11 tumors out of 21 (52%) and were absent in all peritumoral tissues and normal thyroid controls. Among the positive tumors, nine carried an inversion and two carried a translocation (Table 2 ). To determine if these two translocations involved the RET/PTC2 rearrangement, we cohybridized the samples with centromere 17 and RET. A rearrangement-type RET/PTC2 was present in one of the tumors (t.11) and was excluded in the other (t.14), suggesting that this latter tumor may carry a novel type of rearrangement. Two microcarcinomas (t.12 and t.21), both surrounded by adenomas, carried three copies of RET and three copies of chromosome 10 centromere (Fig.  1e ). Subsequent hybridization with ␣-satellite probes for centromere 6 and 12 confirmed trisomies for these chromosomes as well (Fig. 1f) . Parallel histopathological analysis of the two samples showed that trisomies were present both in the microcarcinoma and in the follicular adenoma surrounding it.
Among the three samples that also showed a thyroiditis, only one (t.2) carried a rearrangement. The distribution of rearrangements was heterogeneous among the tumors. Five samples showed a higher percentage of positive cells. Interestingly, these tumors were also characterized by prominent papillae and very marked PTC nuclear features. No significant association was found between the presence of rearrangements and histological and clinical parameters (size, histological variant, lymphocytic infiltration, encapsulation, histology of the tissue surrounding the tumor, presence of metastases, and age of the patient).
Within our series only one patient (no.16) had an aggressive tumor and developed lung metastasis. This tumor did not show any abnormalities involving the RET chromosomal region.
Frequency of Rearrangements in Microcarcinomas versus PTCs
Finally, we compared the frequency of RET rearrangements in microcarcinomas with the frequency found in a series of clinically evident PTCs previously analyzed using the same approach in our laboratory (Cinti et al, 2000) . As in the case of the microcarcinomas, we considered positive those PTCs carrying more than 6.8% of cells with the rearrangement. RET rearrangements were significantly more common in microcarcinomas (52% versus 27%, p ϭ 0.03).
Discussion
The common presence of RET rearrangements in microcarcinomas detected in this study confirms the involvement of this oncogene in early stages of thyroid tumorigenesis. Most interestingly, RET rearrangements were significantly prevalent in microcarcinomas in comparison with clinically evident PTCs. These results are in agreement with two other studies that reported 42% and 77% of rearrangements in occult papillary microcarcinomas, respectively (Sugg et al, 1998; Viglietto et al, 1995) . Both studies were carried out using RT-PCR with primers for RET/PTC1, RET/ PTC2, and RET/PTC3. In the present study, the use of an in situ technique for the detection of RET changes at the DNA level presents several advantages. First, it allows the detection of RET abnormalities, regardless of the type of rearrangement, with the possibility of identifying novel RET fusion genes , as in the case of the microcarcinoma carrying the translocation that was different from RET/PTC2. Second, FISH on paraffin-embedded tissue sections allows a strict correlation with different histological parameters and the possibility of analyzing not only tumoral tissue, but also the different areas that surround the tumor within a single experiment. Third, it allowed the detection of changes such as trisomies in some of the samples.
Abundant RET/PTC expression, detectable after RT-PCR by ethidium bromide staining alone without need of hybridization, has been observed in tumors of patients with low-risk clinical parameters and lymphatic involvement (Sugg et al, 1996) . Using FISH, which allows a more precise quantification of the relative number of positive cells carrying the rearrangement in the different tumors, we observed that the percentage of detectable cells with rearranged RET was higher in tumors bearing prominent papillae and pronounced nuclear inclusions and groovings. Furthermore, positive cases for RET activation were Corvi et al associated with tumors characterized by prominent papillary areas or small tumor size (Lam et al, 1998; Tallini et al, 1998) . Altogether, these data suggest that RET alterations may play an important role in determining the tumor phenotype in vivo. Although it has been proposed that follicular adenomas represent the early stage of follicular carcinomas, there is no corresponding clear-cut benign state in papillary carcinogenesis. Pathological evidence strongly suggests that the earliest lesion of PTC is the microcarcinoma. Furthermore, from a molecular point of view, RET rearrangements are common features of PTC and microcarcinomas, thus suggesting that the microcarcinoma might be the precursor of the PTC. However, the detection of RET rearrangements in a few adenomas (Cinti et al, 2000; Ishizaka et al, 1991) and the occasional occurrence of PTCs or microcarcinomas within adenomas or adenomatous goiters remain unclear.
Our observation and the evidence that RET/PTC1 oncogene is able to initiate in vivo thyroid tumors support the concept that RET activation is an early event in thyroid carcinogenesis and that further or concomitant molecular events are necessary for neoplastic progression. Soares and collaborators (Soares et al, 1998) described PTC harboring the RET rearrangement as slow-growing papillary tumors that do not usually progress toward less differentiated neoplasms (Tallini et al, 1998) . This is also supported by the slowly progressive tumors that develop in the RET/PTC1-transgenic mice (Santoro et al, 1996) .
However, an interesting question still to be addressed is why this gene seems to be more frequently activated in microcarcinomas than in clinically evident tumors. From a mechanistic point of view, it is unlikely that the RET rearrangement is deleted and lost during tumor evolution. On the other hand, the major genes responsible for the tumorigenesis of PTCs are probably still unknown. We might envisage that additive and synergistic effects of RET and these genes may play a role in a subgroup of tumors because of the relatively low frequency of RET rearrangements in PTCs. The recent report from Bunone et al (2000) supports the idea that normal thyroid follicular cells can express a functional RET receptor, which may be activated in the presence of specific ligands in the thyroid microenvironment. Therefore, this new concept indicates that the chromosomal rearrangement does not promote the expression of a gene, which is normally completely silent, but leads to the activation of the RET TK, which is no more regulated by external factors. Another interesting notion is that of RET as a dependence receptor (Bordeaux et al, 2000) . Receptors like RET and DCC1 (Mehlen et al, 1998) show two distinct forms of signal transduction, depending on their respective ligand availability. In the presence of their ligands, they transduce a signal for either proliferation or differentiation. However, in the absence of their ligands, they induce an active signal for cell death. Therefore, one can speculate that RET rearrangements lead, on one side, to the constitutive activation of RET TK and, on the other, to a modification of the apoptotic activity of RET in thyroid cells. Further efforts must be aimed at clarifying the role of RET activation in follicular cells.
Material and Methods

Samples
Twenty-one cases of papillary microcarcinoma of the thyroid were collected from the pathology files of the St. Bartholomew's Hospital of London, United Kingdom, (13 cases) and the Arcispedale S. Maria Nuova of Reggio Emilia, Italy (8 cases). Two cases of normal thyroid tissue collected from the latter institution served as controls. All samples were formalin-fixed paraffin-embedded, and two sequential 4-m-thick sections of each case were routinely stained with hematoxylin and eosin and analyzed by FISH, respectively. The histological analysis also allowed us to measure and precisely localize the microcarcinoma on the slides.
Tissue Sample Preparation for FISH
Tissue sections were dewaxed in xylene and rehydrated in an ethanol series. Pretreatment of the slides was carried out according to the tissue kit (S1337; ONCOR, Inc., Gaithersburg, Maryland) manufacturer protocol. Incubation time for digestion differed for each section, as these differed in their cellularity and thickness.
Probes
A mixture of three cosmids (E5, F2, and R1) covering about 100 kb of the RET genomic region (Pasini et al, 1995) was used. We used a chromosome 10 ␣-satellite probe as internal control, because the RET proto-oncogene maps on the pericentromeric region of chromosome 10. In addition, we used ␣-satellite probes specific for chromosomes 17, 12, and 6. The RET probe was labeled with biotin-16-deoxyuridine triphosphate (dUTP), whereas ␣-satellite probes were labeled with digoxigenin (Roche, Mannheim, Germany) by nick translation (Langer et al, 1981) .
Fluorescence In Situ Hybridization
FISH on interphase nuclei was performed according to the protocol previously described (Corvi et al, 1994) . The probe concentration was 15 ng/l for the pool of the RET cosmids. Repetitive sequences for RET were suppressed with 10-fold excess of Cot-1 (Roche). Biotinylated probes were detected with FITCconjugated avidin (Vector Laboratories, Burlingame, California), and signals were amplified with biotinylated anti-avidin (Vector Laboratories). The digoxigenin-labeled ␣-satellite probes were detected with rhodamine-conjugated anti-digoxigenin, Fab fragment (Roche). Nuclei were counterstained with 1 g/ml of 4,6-diamidino-2 phenylindole dihydrochloride and mounted in Vectashield (Vector Laboratories). 
Microscopy Analysis
After FISH, the slides were analyzed on a Zeiss Axiophot epifluorescence microscope (Carl Zeiss GmbH, Jena, Germany). The following criteria were followed for the microscopic evaluation of the samples: nuclei had intact morphology, they did not overlap, both RET and centromeric signals were visible, and signals were only counted when they were completely separated from one another. Approximately 100 nuclei were analyzed for each sample.
Statistical Analysis
Statistical analysis was carried out using the 2 test. To determine the cutoff frequency of rearrangements corresponding to the presence of a real rearrangement, we compared each tumor with the "historical" control, obtained by pooling all of the data from the normal tissues. In this case, the 2 test was applied with Bonferroni's correction (p Ͻ 0.0024) in view of the multiple comparisons performed (Bland, 2000) .
